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Abstract
Four case studies of cyclonic vortices over the Indian
peninsular region during northeast monsoon season are pre-
sented. It was observed that the propagation of vortices
over the peninsular orography was controlled by the vor-
tex Froude number, Frv = Vmax/(NH), where, Vmax is
the maximum tangential velocity of winds in the vortex, H
is the height of the orography, and N is the Brunt-Va¨isa¨la¨
frequency of atmosphere along the orography. Strong vor-
tices with Frv > 1 overcame the orographic barrier and
crossed the peninsula. While, those with Frv < 1 were
blocked by the orography. The blocked vortices remained
stationary along the east coast for two to three days. In these
cases, clouds formed continuously along the coast for three
consecutive days. Therefore, there was intense rainfall over
the coast and little rainfall over orography during this time.
In unblocked vortices, the rainfall intensity showed a sys-
tematic shift from coastal to the higher orographic region
within a day or two. However, significant weakening of the
vortices, as well as convection, was seen as the vortex ar-
rived over the higher plateau. These case studies will be
helpful for forecasting heavy rainfall events over the Indian
peninsula during northeast monsoon season.
1 Introduction
Tropical disturbances over the Indian ocean often de-
velop in the form of low pressure systems (LPSs); winds
flow around LPSs in cyclonic fashion obeying the gra-
dient wind balance in which the inward pressure gradi-
ent force is balanced by the Coriolis and centrifugal force
[13]. These cyclonic vortices, in the absence of strong
background flow, move westward-northwestward due to
the planetary β-effect [4, 9, 34, 3]. The vortices over In-
dian region are classified according to their strength by
the India Meteorological Department (IMD) in the follow-
ing categories:- low pressure area (LPA), depression (Dp),
deep depression (DDp), and four categories of tropical cy-
clone (TC) thereafter (table 1). During northeast mon-
soon (October-December), these cyclonic systems predom-
inantly form over the southern Bay of Bengal (BoB) and
the eastern equatorial Indian ocean. These systems then
move westwards towards the Indian peninsula; some of
them curve back north-eastwards and make landfall over the
Bangladesh-Myanmar region (figure 1b). During this time
of the year, a 30-50 m deep warm layer of fresh water from
river run-offs and summer monsoon rainfall sits over BoB
and fuels the growth of these vortices [31]. They get better
organized with the time they spend over the warm ocean, if
not weakened by the vertical wind shear [11]. A vortex of
TC strength can cause widespread damage on landfall due
to heavy rainfall, strong winds and the storm surge. Slow
moving or quasi-stationary systems, even with weak orga-
nization, can deposit large amount of rainfall at a location
and cause severe local flooding [30, 25]
As far as the prediction of TC is concerned, prediction of
cyclone track with numerical weather models has improved
over the last couple of decades globally [16], including In-
dian region [33, 21, 23, 20, 14, 28]. On the other hand,
the long duration localized heavy rainfall episodes over the
Indian east coast due to quasi-stationary vortices has not
received much attention. In some cases, loss of life and
property due to quasi-stationary precipitating system can be
far sever. A quasi-stationary precipitating system on 1 De-
cember 2015 deposited 490 mm of rainfall over Chennai
within 24 hrs ([25]). This resulted in disastrous flooding
in the city [22]. Armed and disaster relief forces were de-
ployed for relief and rescue operations. At least 250 people
died in the calamity. Prior to this particular catastrophic
event, two extreme rainfall events occurred in Tamil Nadu
state in November 2015 [2]). All three events were caused
by the cyclonic systems of weak to moderate strength. No
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TC formed over BoB in this season. This fact highlights
the need for a better understanding of these systems and the
conditions in which they become quasi-stationary.
Over Indian peninsula, the Eastern Ghats (EG) moun-
tain range (average height ' 750 m) lies parallel to the east
coast, 200 km inland from it (figure 1a). The upstream oro-
graphic blocking of easterly winds by the EG mountains and
the subsequent stagnation of precipitating clouds was the
reason for the extreme rainfall event of 1 December 2015
[25]. The cyclonic system remained stationary along the
coast for about 48 hrs. Thereafter, it traveled a southward
path along the coast. This behaviour of westward moving
cyclonic system when blocked by the orography is pecu-
liar; it is caused by the topographic β-effect [1, 35, 15].
Such blocking of cyclonic vortices is also observed along
the Central Mountain Range of Taiwan [17] and the Sierra
Madre mountains in Mexico [35].
The fate of a vortex approaching an orography is deter-
mined by the vortex Froude number,
Frv =
Vmax
NH
(1)
where, Vmax is the maximum tangential velocity of winds
in the vortex, H is the height of the orography, and N is
the Brunt-Va¨isa¨la¨ frequency of atmosphere along the orog-
raphy [17]. N is a measure of stratification of atmosphere
and is given by [8],
N = [(
g
θvo
)(
∂θv
∂z
)]1/2 (2)
where, g is the gravity, θv is the virtual potential temper-
ature and ∂θv∂z is the vertical gradient of θv . Frv is anal-
ogous to the conventional Froude number [32, 26, 18] in
which the cross-mountain wind speed term is replaced by
the Vmax. Frv essentially is the ratio of prevailing wind
kinetic energy within the vortex and the minimum kinetic
energy requirement for the winds to climb the orographic
barrier. Provided that the orography is sufficiently long (in
a direction perpendicular to the vortex propagation), vor-
tices with Frv < 1 get blocked and those with Frv > 1
cross the orographic barrier.
This paper presents case studies of interaction of west-
ward moving cyclonic systems, of weak to moderate
strength during 8-10 November 2015 (hereafter, Case-1),
14-16 November 2015 (hereafter, Case-2) and 31 October
- 2 November 2017 (hereafter, Case-3) with the EG orog-
raphy. 3-day rainfall accumulation along the coast in these
cases was ≥ 300 mm at some places over the coast. A sim-
ilar analysis for TC Vardah (hereafter, Case-4) which made
landfall near Chennai on 12 December 2016 is also pre-
sented. Organization of convection and distribution of rain-
fall within these systems is also studied. A comparison of
spatio-temporal distribution of rainfall over the peninsular
region due to these systems emphasizes the importance of
understanding the stalling dynamics of weak systems along
the coast.
Intense rainfall events over the west coast of India dur-
ing summer monsoon and the associated weather systems
are well documented ([10]). Similar studies on the intense
rainfall events over the east coast of India during northeast
monsoon are scarce. Such an exercise will be helpful to the
forecasters for forecasting heavy rainfall events over Indian
peninsula due to winter-time cyclonic systems. In addition,
better understanding of the vortex-orography interaction is
necessary for the comprehension and improvement of the
forecast of numerical weather models.
Section 2 of this paper provides the description of data
used in this study. Section 3 presents the stalling dynamics
of vortices; here, the organization of convection and rainfall
distribution in four case studies is also presented. Section 4
contains a discussion on the results and section 5 concludes
the study.
2 Data
ERA-interim dataset [6] with 0.75◦ and 6 hourly reso-
lution provided by the European Centre for Medium-Range
Weather Forecasts (ECMWF) is used to analyze the synop-
tic dynamics of vortices in four cases. Radiosonde sounding
data from Chennai is used to measure the wind speed and
stratification (N ) of atmosphere along the coast. Infrared
(IR ∼ 10.8 µm) images from the INSAT-3D satellite are
used to study the organization of deep convection within the
vortices. This geostationary satellite is located over 82◦E.
Its IR images have 4 km spatial and 30 minute temporal res-
olution. These images are archived by the Meteorological
and Oceanographic Satellite Data Archival Centre, Satel-
lite Applications Centre, Indian Space Research Organiza-
tion (ISRO). Integrated Multi-satellitE Retrievals for GPM
(IMERG) data product provided by the National Aeronau-
tics and Space Administration (NASA) is used for rainfall.
IMERG has 10 km spatial and 30 minute temporal resolu-
tion. The tracks of depressions and TCs shown in figure 1
are taken from IMDs cyclone eAtlas portal.
3 Case Studies
3.1 Dynamics
Figure 2 shows the initial landfall of vortices in four
cases. Geopotential contours and winds at 850 hPa are
shown in the figure. The strengths of the vortices can be
inferred from the wind speeds or from the closeness in the
geopotential contours. The vortex in case-1 falls in the Dp
category; the vortices in case-2, and 4 fall in LPA, and TC
2
categories, respectively (table 2). The vortex in case-3 was
weaker than the LPA category. It did not show any closed
isobar at the surface (figure 4). Figure 3 shows locations of
these vortices after two days. Vortices in case-1 and 4, have
crossed the coast by this time. In fact, TC Vardah in case-
4 has crossed the peninsula and moved over Arabian sea.
Dp in case-1 has moved over the peninsular plateau. Note
that, these two vortices have become weaker while cross-
ing the peninsula. Vortices in case-2 and 3 are still along
the coast. Figure 4 shows the mean sea level pressure con-
tours and 950 hPa winds. The height of 950 hPa surface
is roughly 500 m; easterly winds at this level impinge on
the EG orographic barrier. In case-1 and 4 winds are strong
with speeds around 20 m s−1. Vortices in these two cases
have moved inland. Whereas, the vortices in case-2 and 3
have weak winds with speeds around 12 m s−1. These two
vortices remained along the coast. In case-3, the vortex cir-
culation features are not so well developed at the 950 hPa
unlike the 850 hPa level. Therefore, blocking of easterly
winds and its southward deflection is more evident in this
case (figure 4c).
Table 2 shows that the Frv values (calculated from the
Chennai radiosonde data) in case-1 and 4 are greater than 1.
The Frv values suggest that these vortices will cross the EG
orography. Note that the TC Vardah crossed the coast rel-
atively faster. The radiosondes – which are released every
12 hours and give a point measurement – could not measure
the peak wind speeds of TC Vardah. A very severe cyclonic
storm, like Vardah, can have peak wind speeds around 40-
50 m s−1. This suggests that the Frv values of land-falling
TC of this category can be around 3-3.5. In fact, in all cases
the Frv values calculated from the soundings must be an
underestimation of real Frv values, as the vortices are al-
ready under the influence of the orography. The upstream
pressure perturbations due to the orography decelerates the
flow ahead of it [19]. The true Frv values should be calcu-
lated when the vortex is away from these orographic effects.
The distance up to which an orography can have decelerat-
ing influence on the winds is given by the orographic defor-
mation radius [26],
D =
NH
f
(3)
where, f is the Coriolis parameter. For EG (considering
f = 0.3 × 10−4 s−1, H = 750 m, and N = 0.01 s−1), this
distance is about 250 km. The southerly barrier jet along
the coast due to the orographic deflection of 950 hPa east-
erly winds show similar width in figure 4c. Therefore, the
coastal atmosphere at 200 km away from the orography is
under its influence. Due to the lack of observations over
the open ocean, the soundings from a coastal station are
used here for calculating Frv . Nevertheless, the calcula-
tions done in table 2 suggest that vortices with Frv > 1
overcame the orographic barrier and those with Frv < 1
were blocked.
3.2 Convection
Figure 5 shows the organization and propagation of deep
clouds in these four cases. In case-1, clouds cross the EG
mountains (figure 5a). Clouds are organized in a more or
less circular fashion along the coast on 8 November. On
next day, after crossing the mountains, the cloud organiza-
tion has broken down to some extent. However, the deep
convection still covers a large area of peninsula. In case-
2, the clouds are highly organized and anchored along the
coast on 15 November (figure 5b). They remained anchored
and organized over the coast even on the next day. Sim-
ilar stagnation of clouds over the coast was observed on
1 December 2015 when the Froude number of the cross-
mountain winds was less than 1 [25] . The study proposed a
mechanism in which the upstream orographic blocking and
uplifting of winds result in continuous building-up of clouds
along the coast. Similar building-up of clouds along the
coast must have taken place in case-2. In case-3 (Frv < 1)
also the clouds are anchored over the coast but they cover
lesser area and have weak organization (figure 5c). In case-
4, the cloud organization during the landfall is very com-
pact; the spiral rain-bands around the core have weakened,
the eyewall at the center also has lost its structure. The
cloud blob crosses the EG mountains within a day. How-
ever, the deep convection looses its strength and is very fee-
ble over the plateau.
In summary, the clouds in the blocked vortices remained
anchored over the coast for more than a day. Whereas, the
clouds in unblocked vortices moved over the orography, but
lost its organization at the same time.
3.3 Rainfall
The different nature of organization and propagation of
clouds result in different spatio-temporal distribution of
rainfall over the region in these four cases. Note that the
total accumulation of rainfall at a location depends on the
intensity and the duration of rainfall episode [7]. The in-
tensity depends on the factors like cloud-microphysics or
rainfall efficiency; this study does not intent to cover this
aspect. The emphasis of this study is on the ‘duration’ as-
pect of rainfall which mainly depends on the propagation of
storm.
Figure 6 shows 3-day accumulation of rainfall over
peninsula from the GPM satellite for the four cases. In
case-1, the maximum value of rainfall accumulation over
the coast is about 300 mm and over plateau its about 200
mm. Whereas, in case-2 – in which there was a stagnation
of clouds and the vortex along the coast – the maximum
value of rainfall accumulation over the coast is about 400
3
mm and over plateau its about 100 mm. Similarly in case-
3 (a blocked system), rainfall is anchored along the coast
and over plateau there is scarce rainfall. In case-4 (an un-
blocked system), we see significant rainfall accumulation
over the plateau along with the coast.
A 3-day time-series of rainfall accumulation over coast
and plateau during the lifetime of these systems, brings out
the difference in rainfall accumulations for blocked and un-
blocked systems more clearly. The boxes (one each over
coast and plateau) for the four cases over which the rainfall
is averaged are shown in figure 6. The time-series of mean
rainfall over these boxes are shown in figure 7. In case-1,
it rains for about 30 hrs over the coast from 8 November;
and thereafter there is hardly any rainfall (figure 7a). Over
plateau, the rainfall picks-up on 9 November, about a day
later than the coast. Here, it rains for about 18 hours and
then it stops thereafter. The two time-series in case-1 sug-
gest a systematic movement of precipitating system cross-
ing the coast and plateau on subsequent days. In case-2,
the vortex and convection were stationary over the coast.
Therefore, the rainfall time-series over the coast shows con-
tinuous occurrences of rainfall for three consecutive days
(figure 7b). Whereas, over the plateau the rainfall accumu-
lation is moderate and does not show any steep rise at any
point. Similar conclusions can be drawn for the two time-
series in case-3 (figure 7c). In case-4, the time-series at two
locations are similar to those in case-1, but the duration of
rainfall is much shorter and the rainfall over plateau picks-
up just 12 hours later than that over coast. This is due to the
fact that the TC in case-4 moved across the peninsula more
swiftly than the Dp in case-1.
In summary, in the cases of blocked vortices (case-2 and
3), convection was stationary over the coast for two-three
days. This lead to continuous rainfall accumulation over
the coastal region for three days and scarce rainfall over the
plateau. Strong vortices (case-3 and 4) traveled across the
peninsula overcoming the orographic barrier. In these cases,
rainfall lasted for a day over the coast and plateau; coastal
regions received more rainfall than the plateau.
4 Discussion
It was observed that the vortices with Frv > 1 crossed
the peninsula and those with Frv < 1 were blocked by the
EG orography. The vortices that moved over the orogra-
phy were weakened while doing so. The convection also
lost its organization at the same time. This can happen due
to the lack of moisture over the plateau and friction due to
the uneven terrain surface. Another reason can be the com-
pression of vorticity column as the vortex moves over the
plateau. Potential vorticity (PV) of a barotropic vortex is
conserved [12]:
D
Dt
(
f + ζ
h
)
= 0 (4)
where, ζ is the vertical component of relative vorticity and
h is the height of the vortex column. The term within the
brackets on the left hand side of equation 4 is the PV of the
vortex. Thus, as the h is reduced when the vortex moves
over the plateau, there should be a corresponding decrease
in ζ, so that the PV is conserved. However, the dominant
mechanism by which the vortex is weakened can not be de-
termined on purely observational account. Modeling exper-
iments can shed some light on this aspect.
Interestingly, in case of blocked vortices, the orographic
blocking of winds at the bottom layer of atmosphere (depth
of about 750 m) resulted in the entire column of the vor-
tex getting blocked. This behaviour is similar to the 2-D
‘Taylor columns’ or ‘Produman pillars’ in which the en-
tire fluid column behaves as a rigid entity [24]. However,
approximation of tropical vortices by Taylor columns is ar-
guable, given the strong convective activity and hence, the
vertical motion associated with the former. Latent heating
due to the clouds leads to the generation of vorticity within
Dp [27, 29, 5]. Westward propagation of Dp during the
Indian summer monsoon season is linked to this in-situ vor-
ticity generation by these studies. Within the blocked vor-
tices studied in this paper, clouds were stagnated and re-
peatedly formed along the coast. Thus, the vorticity gen-
eration can happen at the same place over a time and the
westward movement of vortex can get seized. Identification
of the exact mechanism by which the motion of entire vor-
tex is halted – whether by Taylor column effect or by the
convective heating – is also important to determine the role
mesoscale convection within the depressions.
In case-3, it was seen that the TC Vardah had a com-
pact cloud organization during the landfall. Whereas, vor-
tices in case-1 and case-2 had widespread deep cloud cover
(figure 5). Thus, the rainfall in these two cases was more
widespread compared to TC Vardah (figure 6). In addition,
these weaker vortices were slow moving (case-2 was prac-
tically stationary along the coast). TC Vardah moved across
the Indian peninsula relatively quickly. Hence, the values
of 3-day rainfall accumulation over the region was more
compared to TC Vardah. This demands a more careful at-
tention of researchers and forecasters towards the weaker
cyclonic vortices and the cloud organization within it. A
formal methodology to forecast the stalling of such vor-
tices along the coast should be scrupulously designed for
the forecasters.
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5 Conclusion
Propagation of four cyclonic vortices over the peninsular
India during northeast monsoon season was presented. Ef-
fect of EG orography on their propagation, the cloud orga-
nization, and rainfall accumulation was studied. Following
are the main conclusions drawn from this study:
1. The propagation of vortices over the peninsula was
governed by their Frv values. Vortices with Frv > 1
(Frv < 1) crossed the EG orography (were blocked).
TC Vardah with the greatest Frv in case-4 was the
fastest to cross the orography.
2. Deep convection within TC Vardah during landfall
was compact and covered lesser area compared to the
widespread convection within the weaker depression
and LPA in case-1 and case-2, respectively.
3. Clouds in the blocked vortices repeatedly formed
along the coast, inundating the region. Rainfall
over the plateau in these cases was scarce to moder-
ate. Whereas, in the unblocked vortices deep clouds
moved over the plateau and it received significant
rainfall.
4. In blocked vortices, the rainfall time-series showed a
continuous accumulation of rainfall over the coastal
region for three consecutive days. In unblocked vor-
tices, the rainfall time-series showed a systematic
shift of rainfall from coastal to plateau region within
a time-span dependent on the propagation speed of
vortices.
References
[1] G. Carnevale, R. Kloosterziel, and G. Van Heijst.
Propagation of barotropic vortices over topography in
a rotating tank. J. Fluid Mech., 233:119–139, 1991.
[2] A. Chakraborty. A synoptic-scale perspective of heavy
rainfall over Chennai in November 2015. Curr. Sci,
111(1):201–207, 2016.
[3] J. C. Chan. The physics of tropical cyclone motion.
Annu. Rev. Fluid Mech., 37:99–128, 2005.
[4] J. C. Chan and R. Williams. Analytical and numerical
studies of the beta-effect in tropical cyclone motion.
Part I: Zero mean flow. J. Atmos. Sci., 44(9):1257–
1265, 1987.
[5] T.-C. Chen, J.-H. Yoon, and S.-Y. Wang. Westward
propagation of the Indian monsoon depression. Tellus
A, 57:758–769, 2005.
[6] D. P. Dee, S. M. Uppala, A. J. Simmons, P. Berrisford,
P. Poli, S. Kobayashi, U. Andrae, M. A. Balmaseda,
G. Balsamo, P. Bauer, P. Bechtold, A. C. M. Bel-
jaars, L. van de Berg, J. Bidlot, N. Bormann, C. Del-
sol, R. Dragani, M. Fuentes, A. J. Geer, L. Haim-
berger, S. B. Healy, H. Hersbach, E. V. Hlm, L. Isak-
sen, P. Kllberg, M. Khler, M. Matricardi, A. P. Mc-
Nally, B. M. Monge-Sanz, J.-J. Morcrette, B.-K. Park,
C. Peubey, P. de Rosnay, C. Tavolato, J.-N. Thpaut,
and F. Vitart. The ERA-Interim reanalysis: configura-
tion and performance of the data assimilation system.
Quart. J. Roy. Meteor. Soc., 137:553–597, 2011.
[7] C. A. Doswell III, H. E. Brooks, and R. A. Mad-
dox. Flash flood forecasting: An ingredients-based
methodology. Wea. Forecasting, 11(4):560–581,
1996.
[8] K. A. Emanuel. Stability. In Atmospheric Convection,
pages 165–190. Oxford, 1994.
[9] M. Fiorino and R. L. Elsberry. Some aspects of vortex
structure related to tropical cyclone motion. J. Atmos.
Sci., 46(7):975–990, 1989.
[10] P. Francis and S. Gadgil. Intense rainfall events over
the west coast of india. Meteorl. Atmos. Phys, 94(1-
4):27–42, 2006.
[11] W. M. Frank and E. A. Ritchie. Effects of verti-
cal wind shear on the intensity and structure of nu-
merically simulated hurricanes. Mon. Wea. Rev.,
129(9):2249–2269, 2001.
[12] J. R. Holton and G. J. Hakim. Circulation, vorticity,
and potential vorticity. In An Introduction to Dynamic
Meteorology, pages 95–124. Academic press, 5 edi-
tion, 2012.
[13] J. R. Holton and G. J. Hakim. Elementry applications
of basic equations. In An Introduction to Dynamic
Meteorology, pages 67–92. Academic press, 5 edition,
2012.
[14] Y. V. Kumkar, P. Sen, H. S. Chaudhari, and J.-H. Oh.
Tropical cyclones over the north Indian Ocean: experi-
ments with the high-resolution global icosahedral grid
point model GME. Meteorl. Atmos. Phys, 130(1):23–
37, 2018.
[15] H.-C. Kuo, R. Williams, J.-H. Chen, and Y.-L. Chen.
Topographic effects on barotropic vortex motion: No
mean flow. J. Atmos. Sci., 58(10):1310–1327, 2001.
[16] M.-D. Leroux, K. Wood, R. Elsberry, E. Cayanan,
E. Hendricks, M. Kucas, P. Otto, R. Rogers, B. Samp-
son, and Z. Yu. Recent advances in research and fore-
5
casting of tropical cyclone track, intensity, and struc-
ture at landfall. Tropical Cyclone Research and Re-
view, 7(2):85–105, 2018.
[17] Y.-L. Lin, S.-Y. Chen, C. M. Hill, and C.-Y. Huang.
Control parameters for the influence of a mesoscale
mountain range on cyclone track continuity and de-
flection. J. Atmos. Sci., 62(6):1849–1866, 2005.
[18] Y.-L. Lin and T.-A. Wang. Flow regimes and transient
dynamics of two-dimensional stratified flow over an
isolated mountain ridge. J. Atmos. Sci., 53(1):139–
158, 1996.
[19] P. Markowski and Y. Richardson. Blocking of the
wind by terrain. In Mesoscale meteorology in mid-
latitudes, pages 343–366. John Wiley & Sons, 2011.
[20] U. Mohanty, K. K. Osuri, and S. Pattanayak. Tropi-
cal cyclone research over the north indian ocean: Im-
pact of data and vortex initialization in high resolu-
tion mesoscale models. In Advanced Numerical Mod-
eling and Data Assimilation Techniques for Tropical
Cyclone Prediction, pages 465–495. Springer, 2016.
[21] M. Mohapatra, D. Nayak, R. Sharma, and B. Bandy-
opadhyay. Evaluation of official tropical cyclone
track forecast over north Indian Ocean issued by In-
dia Meteorological Department. J. Earth Syst. Sci.,
122(3):589–601, 2013.
[22] B. Narasimhan, M. S. Bhallamudi, A. Mondal,
S. Ghosh, and P. Mujumdar. Chennai floods 2015:
A rapid assessment. Technical report, Interdisci-
plinary Centre for Water Research, Indian Institute
of Science, Bangalore, 2016. Available online at
http://itra.medialabasia.in/img/Chennai%20Floods-
Rapid%20Assessment%20Report-
May%2023,%202016.pdf.
[23] K. K. Osuri, U. Mohanty, A. Routray, and D. Niyogi.
Improved prediction of Bay of Bengal tropical cy-
clones through assimilation of doppler weather radar
observations. Mon. Wea. Rev., 143(11):4533–4560,
2015.
[24] J. Pedlosky. Fundamentals. In Geophyiscal Fluid Dy-
namics, pages 22–56. Springer, 2 edition, 1987.
[25] J. Phadtare. Role of Eastern Ghats orography and cold
pool in an extreme rainfall event over Chennai on 1
December 2015. Mon. Wea. Rev., 146(4):943–965,
2018.
[26] R. Pierrehumbert and B. Wyman. Upstream effects
of mesoscale mountains. J. Atmos. Sci., 42(10):977–
1003, 1985.
[27] K. Rao and S. Rajamani. Diagnostic study of a mon-
soon depression by geostrophic baroclinic model. In-
dian J. Meteorol. Geophys., 21:187–194, 1970.
[28] A. Routray, D. Dutta, and J. P. George. Evaluation of
track and intensity prediction of tropical cyclones over
north Indian ocean using NCUM global model. Pure
Appl. Geophys, pages 1–20, 2018.
[29] F. Sanders. Quasi-geostrophic diagnosis of the mon-
soon depression of 5–8 July 1979. J. Atmos. Sci.,
41:538–552, 1984.
[30] R. S. Schumacher and R. H. Johnson. Quasi-
stationary, extreme-rain-producing convective sys-
tems associated with midlevel cyclonic circulations.
Wea. Forecasting, 24(2):555–574, 2009.
[31] D. Sengupta, B. R. Goddalehundi, and D. Anitha.
Cyclone-induced mixing does not cool SST in the
post-monsoon north Bay of Bengal. Atmos. Sci. Lett.,
9(1):1–6, 2008.
[32] R. B. Smith. The influence of mountains on the atmo-
sphere. Adv. Geophys., 21:87–230, 1979.
[33] S. Vaidya, P. Mukhopadhyay, D. Trivedi, J. Sanjay,
and S. Singh. Prediction of tropical systems over In-
dian region using mesoscale model. Meteorl. Atmos.
Phys, 86(1-2):63–72, 2004.
[34] Y. Wang and C.-C. Wu. Current understanding of trop-
ical cyclone structure and intensity changes–a review.
Meteorl. Atmos. Phys, 87(4):257–278, 2004.
[35] J. A. Zehnder. The influence of large-scale topog-
raphy on barotropic vortex motion. J. Atmos. Sci.,
50(15):2519–2532, 1993.
Acknowledgements
The author would like to thank the European Centre for Medium-Range Weather Forecasts (ECMWF) for the ERA-interim
dataset; Department of Atmospheric Science, University of Wyoming for the sounding data; Meteorological and Oceano-
graphic Satellite Data Archival Centre, Satellite Applications Centre, Indian Space Research Organization (ISRO) for pro-
viding INSAT-3D data; the National Aeronautics and Space Administration (NASA) for the IMERG rainfall data; and finally
the Regional Meteorological Centre-Chennai, India Meteorological Department (IMD) for the depression and tropical cy-
clone tracks.
6
Table 1. Classification chart for cyclonic systems by IMD. Isobars are plotted at the surface with 2
hPa intervals. 1 Kts ' 0.5 m s−1
System No. of closed isobars Wind speed
LPA 1 <17 Kts
Dp 2-3 17-27 Kts
DDp 2-3 28-33 Kts
TC > 4 > 33 Kts
Table 2. Observations for the four cases. The radiosonde soundings data from Chennai at 0000 UTC
on the mentioned dates are used to calculate wind speed and N values. Mean values of wind speed
and N within 1 km layer from the surface are shown and used to calculate Frv values from equation
1. H is taken to be 750 m. Vertical profiles of N are shown in the figure 8
Case Category Date Wind speed (m s−1) N(s−1) Frv Blocking
1 Dp 09 November 2015 12 0.013 1.2 Unblocked
2 LPA 15 November 2015 7.5 0.013 0.77 Blocked
3 – 01 November 2017 7 0.015 0.6 Blocked
4 TC 12 December 2016 17 0.015 1.5 Unblocked
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Figure 1. a) Elevation from the ETOPO5 (5-minute gridded elevation) data b) Tracks of depressions
and tropical cyclones formed over BoB during October-December 1981-2017 (plotted from IMD’s
cyclone eAtlas web-portal : http://www.rmcchennaieatlas.tn.nic.in/).
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Figure 2. Winds and geopotential contours at 850 hPa: a) Case-1: 09 November 2015 b) Case-2: 15
November 2015 c) Case 3: 31 October 2017 d) Case-4: 12 December 2016, all at 0000 UTC.
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Figure 3. Same as figure 2 : a) Case-1: 11 November 2015 b) Case-2: 17 November 2015 c) Case 3: 2
November 2017 d) Case-4: 14 December 2016, all at 0000 UTC.
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Figure 4. Mean sea level pressure contours and 950 hPa winds: a) Case-1: 0000 UTC 10 November
2015 b) Case-2: 0000 UTC 16 November 2015 c) Case 3: 1200 UTC 01 November 2017 d) Case-4: 1200
UTC 12 December 2016.
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Figure 5. INSAT-3D IR brightness temperature: a) Case-1 b) Case-2 c) Case-3 d) Case-4
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Figure 6. IMERG 3-day rainfall accumulation: a) Case-1 b) Case-2 c) Case 3 d) Case-4. The boxes
show the areas over which rainfall is averaged to produce time-series in figure 7.
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Figure 7. Time-series of mean IMERG rainfall accumulation over coast and plateau: a) Case-1 b)
Case-2 c) Case-3 d) Case-4. Rainfall is averaged over the boxes shown in figure 6
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Figure 8. Vertical profiles of Brunt-Va¨isa¨la¨ frequency (N ) from the radiosonde soundings over
Chennai. a) Case-1, b) Case-2, c) Case-3, d) Case-4
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